Introduction
Disturbances are an important factor influencing forest structure formation, composition and forest functioning [1, 2] . Forest fires and the long-term recovery from them are important for regional carbon (C) storage because C lost in fires makes a substantial difference to regional C budgets [3] . Boreal forests are a crucial part of the climate system since they contain about 60% of the C (703 billion tons) bound in global forest biomes [4] . It is expected, that the average temperature increase predicted for the future climate will be most pronounced in the boreal region and the fire frequency, intensity and severity in boreal forests will increase as a result of prolonged drought periods [5] .
Wildfires strongly influence boreal forest structure and function as they can cause losses of 15%-35% of the above-ground biomass and 37%-70% of the ground layer due to combustion [6, 7] . Since both high severity (stand replacing) and intermediate severity fires are common in Eurasia [4, 8] , it is important to understand how these ecosystems respond to the different disturbances. In the short term, increases in disturbance will lead to a net release of C and thus contribute to global warming, but the amount of C released is also linked to the age distribution of the forests. Thus, an integrated approach studying C accumulation and energy fluxes (CO 2 effluxes) across a fire chronosequence is needed to understand the role of boreal forests in global warming [9] .
Soils play a major role in sequestering atmospheric CO 2 and in emitting trace gases (e.g., CO 2 , CH 4 , and N 2 O) that are absorbing solar radiation and enhance the global warming [10] . About half of the C, which enters the ecosystem through photosynthesis, is allocated belowground [11, 12] . The turnover of soil organic matter (SOM) in boreal region is slow, with a turnover time of several decades [13] . During the fire, SOM, mostly C, is released from the forest biomass rapidly to the atmosphere through combustion and simultaneously, mineralized nitrogen (N) is released in the soil favoring the re-establishment of vegetation during the first years of succession [14] . Fires directly affect the C cycle via CO 2 emissions from biomass combustion and indirectly via long-term changes in ecosystem C dynamics through forest recovery and succession [15] .
In this study, we characterize the responses of soil CO 2 efflux and soil C content to a forest fire. The changes occurring in the soil C dynamics were assessed along a fire chronosequence in hemiboreal Scots pine (Pinus sylvestris L.) stands of similar soil type and climatic conditions. We hypothesized that the changes in post-fire ecosystems affect C content and CO 2 emissions from forest soils across a fire chronosequence. One of the aims of this study was also to investigate the changes in post-fire soil temperatures and soil moisture content and how these factors are affecting the soil CO 2 emissions. We assumed that the recovery of C stocks in soil and CO 2 emissions is associated with the recovery of aboveground plant biomass. We expect that our chronosequence study approach will bring new quantitative information on changes in soil C dynamics after forest fires and during the forest succession in the hemiboreal forest zone, which may be useful for global C-cycle modelers.
Materials and Methods

Study Sites
The study area (fire chronosequence) is located in hemiboreal vegetation zone, in north-western Estonia, in Vihterpalu and Nõva [2] . The area is flat with no elevation differences and covered with pure Scots pine (Pinus sylvestris L.) stands on sandy soils, regenerated at a different time since forest fires. The areas belong to the Calluna and Vaccinium uliginosum site types (Table 1) [16] . The average annual temperature in the area is +5.2 • C. The coldest month is February, with an average temperature of −5.7 • C, and the warmest month is July, with an average temperature of +16.4 • C [2] .
Six areas (with extensive fires 200 ha and more) have been chosen for the study: fire in 1837, 1940, 1951, 1982, 1997, and 2008 . All the study areas are located within 145 km 2 . The total area of the forest fire in 2008 (59 • 11 N 23 • 46 E) was about 800 ha and it started at the end of May. The forest stands selected for the current study were 70 years old at the time fire occurred [2] . In August 1997 (59 • 12 N 23 • 49 E) about 700 ha of forest were burned and the forest stands selected for the current study were 45 years old when the fire occurred. The fire in 1982 (59 • 12 N 23 • 48 E) occurred in May and about 200 ha of forest were burned and the forest stands selected for the study were 30 years old at that time. A huge fire occurred in 1951 (59 • 14 N 23 • 49 E), when more than 2000 ha of forest were burned, and the forest stands selected for the study were about 35-40 years old at that time. The total area of the forest fire in 1940 (59 • 10 N 23 • 42 E) was more than 200 ha and a forest fire of similar size occurred in 1837 (although the exact area of the forest fire in 1837 (59 • 13 N 23 • 36 E) is unknown). All areas had been exposed to stand replacing fires where all (or most) of the stand was destroyed by fire. The time since last fire was first chosen from old inventory data, and later fire occurrence dates were confirmed by taking increment cores at each selected stand. In all areas, three sample plots were established (all together 18 sample plots), that were randomly located in the study areas and the distance between sample plots was at least 100 m. Although the normal practice in Estonia following large-scale disturbances in managed forests is to intervene immediately and clear the stand regardless of whether it will be regenerated naturally or planted [2] , we tried to locate our sample plots in areas where the material was not removed after disturbance, thus no management actions (also no planting after disturbance) were carried out. To characterize the stands, circular sample plots with a radius of 11.28 m (400 m 2 ) were established in all areas of fire chronosequence. Basic tree characteristics were measured for tree biomass calculations (diameter at breast height, tree height, crown length, crown diameter) and for characterizing the stand (stand age, the number of trees per ha, time since last fire) ( Table 1) . Tree ages were determined from increment cores taken from sample trees and analyzed with WinDENDRO (Regent Instruments Canada Inc., Quebec, Canada). For tree biomass calculations the formulas of Repola [17] and Repola [18] were used. Also, all dead wood (all material longer than 1.3 m and with a diameter of at least 10 cm) was measured in all sample plots for dead wood biomass calculations.
In every sample plot there were two 0.5 × 0.5 m ground vegetation squares for species composition and recovery measurements and two 0.2 × 0.2 squares for ground vegetation biomass measurements. Ground vegetation was classified into mosses, lichens and shrubs/grasses and oven dried at 60 • C until constant mass was reached.
Soil C Content and CO 2 Efflux
The soil was classified as a gleyic podzol [19] , with loamy sand. Its profile (O-E-BHF-BCg-Cg) consists of the organic (O) horizon (material in different decomposition stages) (1-15 cm), discontinuous bleached sandy podzolic (E) horizon of varying thickness (2-14 cm), iron-illuvial loamy sand (BHF) horizon with an average thickness of 14 cm and with a gradual transition towards an unevenly colored (from grey to yellowish brown color) sandy parent material.
Soil respiration was measured manually from all sample plots (measuring interval of two weeks). Manual chamber measurements were performed on 5 collars (transect north-south orientated and the distance between collars was 5 m) in each sample plot (all together 90 collars) from May till October, to determine the CO 2 efflux from soil to atmosphere with diffusion gradient method [20] . The collars (diameter 0.22 m, height 0.05 m) were placed at 0.02 m depth in the organic soil layer above the rooting zone to avoid damage to roots. The collars were sealed with sand placed around the collars to reduce the air leakage from below the collar. The vegetation inside the chamber was not damaged during the measurements. For CO 2 efflux measurements the portable chamber (0.24 m height and 0.22 m in diameter) made of plexiglass and covered with non-transparent plastic was used. All chamber measurements were carried out during the daylight. The CO 2 concentration was recorded during a 5 min chamber deployment time with a diffusion type CO 2 probe (GMP343, Vaisala Oyj, Vantaa, Finland) and air humidity and temperature inside the chamber with relative humidity and temperature sensor (HM70, Vaisala Oyj, Vantaa, Finland). The CO 2 fluxes were calculated based on the change in the CO 2 concentration (F) in the chamber headspace in time as follows:
were V c is the volume of the chamber, C i is the CO 2 concentration inside the chamber and t is the time. Simultaneously with soil CO 2 efflux measurements also soil temperature and soil moisture content (TRIME-PICO 64, IMKO GmbH, Ettlingen, Germany) were measured.
One iButton temperature sensor was placed in each sample plot to register soil temperature changes over the year.
To characterize the soil C and N content 5 soil cores (0.5 m long and 0.05 m in diameter) were taken from each sample plot. The soil cores were divided according to morphological soil horizons to litter and humus layers, mineral layers to eluvial and illuvial horizons, and sieved. All visible roots were separated (bigger roots by sieving the soil through a 2-mm sieve and smaller roots by picking) for root biomass calculations. The roots were identified as tree roots and ground vegetation (mainly dwarf shrubs and grasses) roots and rhizomes based on morphology and color [13] . The soil pH of different horizons was determined with glass electrode in 35 mL soil suspension, consisting of 10 mL of the soil sample and 25 mL of demineralised water, which had been left overnight to stand after mixing. The soil C and N content were determined with an elemental analyzer (vario MAX CN Elementaranalysator, Elementar Analysensysteme GmbH, Hanau, Germany) after oven-drying the samples at 105 • C for 24 h.
Statistical Analyses
Data was checked for normality using the Shapiro-Wilk test and a logarithmic transformation was made for the recorded CO 2 fluxes to approximate the residual distribution of this variable to the normal distribution. Mixed models (PROC MIXED) was used to test the different factor effects behind CO 2 fluxes from the soil. CO 2 flux was treated as dependent variables in these models, while age since the last fire disturbance was treated as fixed continuous variable, plot as random factor. A Tukey's HSD test was used for comparison of differences within factors. All calculations and statistical analyses used the plot as the experimental unit and a significance level of p < 0.05. All the statistical analyses were performed with SAS version 9.3 (SAS Institute Inc., Cary, NC, USA).
Results
Soil Physical-Chemical Properties and Above-and Belowground Biomasses
Soil pH was not significantly different between areas with different time since fire. Soil pH in mineral soil was similar in all areas, ranging between 4.3 and 4.7 (Table 1) . Soil pH in humus layer was slightly higher in areas where the fire occurred in 2008, 1997 and 1982 compared to other areas (Table 1) , but the differences between the areas were not statistically significant (p > 0.05). The average thickness of the O-horizon (3.3 cm) was significantly lower (p < 0.05) in the area where the fire occurred in 2008 compared to other areas ( Table 1 ). The thickest O-horizon was in the area where fire occurred in 1951 (Table 1 ). The thicknesses of the other horizons within the taken samples were not statistically different between the areas, and they ranged between 5.5 and 20.8 cm (Table 1 ). There was a significant difference (p < 0.05) between the areas when growing season temperatures (May-October) were used. The average soil temperatures in the area where the fire occurred in 2008 were 13.4 • C (Table 1) , while on the other areas the average soil temperatures stayed around 11 • C ( Table 1 ). The daily average soil temperatures in the area where the fire occurred in 2008 were clearly higher from the middle of the May until the end of August (Figure 1 ). In September and October, there was no clear difference between the areas. after mixing. The soil C and N content were determined with an elemental analyzer (vario MAX CN Elementaranalysator, Elementar Analysensysteme GmbH, Hanau, Germany) after oven-drying the samples at 105 °C for 24 h.
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Soil CO2 Efflux
The results of this study revealed that factors affecting the soil CO2 effluxes from post-fire areas were time since fire, soil temperature, time of measurement (month) and root biomass ( Table 2) . Factors like soil water content, soil C and N content and ground vegetation biomass had no effect on soil CO2 efflux ( Table 2 ). The post-fire soil CO2 efflux increased with time since the fire in our study ( Figure 5 ). The CO2 efflux was lowest (p < 0.05) in the area where the fire occurred in 2008 (0.0747 mg CO2 m −2 ·s −1 ) and was already stable (compared to other older areas) in the area where the fire occurred in 1997 (0.1295 mg CO2 m −2 ·s −1 ), thus 18 years after the fire disturbance ( Figure 5 ). There was also a clear correlation between soil CO2 efflux and soil temperature in the studied fire areas(R = 0.44, p < 0.05). When each year of the chronosequence was analyzed separately we found highest correlation between soil CO2 efflux and soil temperature in the most recently burned area (R = 0.95, p < 0.05) and lowest in the area where the fire occurred in 1982 (R = 0.59, p < 0.05). In all other areas the correlation between soil CO2 efflux and soil temperature were in the range 0.82-0.91. Note: NDF = numerator degrees of freedom for the F-test; DDF = denominator degrees of freedom; F = value of the F-statistics; p-value tests the null hypothesis ''Factor has no effect on CO2 efflux". 
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Discussion
This study focused on stand-replacing fires in hemiboreal coniferous forests that affect C cycling and storage over large spatial scales and long time periods. Although more than 70% of the fires in Eurasia are surface fires [7] , indicating that intermediate-severity fires are dominant in the area, the stand-replacing fires can also occur [4, 8, 21] . Fire intensity (intensity of humus reduction) is considered to be one of the most important fire-related characteristics [22] , and it affects the pattern of the above-and belowground biomass recovery, community dynamics and soil processes [23] .
Our results show a clear reduction of soil C stocks after the fire in the organic layer (O-horizon) on top of the soil, but fire effects were much smaller in the mineral soil. The C stocks of top soil layer had significantly lower amounts of C in the area where the last fire occurred 7 years ago in a year 2008, and the C pool started to increase significantly already 18 years after the fire in the area where fire occurred in 1997. Similarly, other studies have found that although the soil C pool in boreal forests is highly variable, the overall trend in the increase of C pool exists with increasing time since the fire [24, 25] . The recovery of C pools in our study was most significant between 7 and 18 years after the fire. This is an important finding concerning the recovery of the C pool over the entire rotation period. If the fire frequency would increase from the current boreal average of approximately 100 years) between fire events, it could substantially reduce the long-term average soil C pool in the boreal forest zone [26, 27] . However, these modeling studies, e.g., by Liski et al. [27] do not take into account the slow changes in soil respiration described here, and therefore overestimate the C losses experienced by forests [13] .
Traditional approaches assume that the decomposition of SOM is either limited by the quality of SOM or by the environment [28] . The humus in podzol soils is usually covered with a poorly decomposed litter layer and the degree of decomposition of humus increases with depth. Fires burn most of the litter layer and often also the upper part of the humus layer. The SOM in the litter layer is easily decomposable, and weight loss from the litter approaches 10%-30% per year during the first years of decomposition [29] . The contribution of the litter layer to soil respiration has been found to be about 20% [30] . Therefore, we might assume that fires would decrease SOM quality by burning the easily decomposable litter but leaving the recalcitrant humus on the site. Direct effects of fires on the SOM quality have indeed been documented [31, 32] . The amount of soil respiration is also affected by the quantity of SOM, and ground fires will cause a litter pulse because many trees are killed, but their foliage is not burnt. Therefore, litter input after a ground fire will exceed the litter input of undisturbed forests. 
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In previous studies it has been found that the soil CO 2 efflux is lower in recently burned areas and higher in the areas where more time has elapsed since the last fire [13, [33] [34] [35] . Similarly, this study revealed that soil respiration was lowest in the area where the last fire occurred most recently in 2008.
It has been found that it may take 3-10 years for post-fire soil CO 2 efflux recovery [36, 37] , and the main factors affecting it are the vegetation type, vegetation coverage and post-fire biomass recovery [38, 39] , which contribute to the formation of new SOM. However, in our study somewhat longer recovery period was observed. Therefore, it can be assumed that in the 2008 fire area SOM has not recovered and since the main soil CO 2 efflux occurs mainly in the upper soil layers (O-horizon) the soil CO 2 efflux is lower. The main reason why the SOM has not recovered was the original site and fire severity. Pine forests in our study areas are growing on sandy soils where the organic layer of soil was thin. With stand replacing fire almost all the organic soil layer was burned and it is difficult for tree regeneration and ground vegetation to establish on pure sand. In some areas it was also noticed some movement of the sand (when the sand was exposed after fire), thus it is understandable that seven years after fire disturbance ground vegetation coverage, that is the most important source for new SOM establishment, was not completely recovered. In addition, also the root respiration (other important component of the soil CO 2 efflux) is lower as the vegetation has not fully recovered. In spring and summer, during active root growth, root respiration can account for 62% of the total soil CO 2 efflux, and in the autumn the proportion may be only 16% [40] . Thus, the soil CO 2 efflux may also be elevated due to the increase in root respiration, which in turn is caused by raise in soil temperature.
The importance of soil temperature and soil humidity on soil CO 2 efflux has been reported in several studies [33, [41] [42] [43] . As temperature raises the loss of soil organic C increases and thus the soil CO 2 efflux increases [44] [45] [46] . In our study we also found that soil temperature affects the soil CO 2 efflux, while soil water content had no effect. The average soil temperature was highest in the 2008 fire area, although the soil CO 2 efflux was lowest in that area. It has been suggested that after fire the soil CO 2 efflux is lower because the vegetation is killed by fire and SOM is either damaged or destroyed [33] . Furthermore, the soil temperature rises since the sun warms the post-fire vegetation-free and darker ground (sand mixed with ash and unburned residues) more. As a result of very high temperatures the soil CO 2 efflux decreases as enzymes and microbes are deactivated [45] . Stand condition after the disturbance plays also an important role [47] , because tree crowns are missing or have been damaged and it does not prevent the transmission of solar radiation on the ground [31, 33] . Dead trees provide shelter from wind, which reduces evaporation that often inhibit conifer regeneration and may also act as seed catchers [2, 48] . In contrast, old stand with a sparse cover of living trees allows wind to increase the evaporation. In our study there was a lot of standing dead trees in the area where the last fire occurred 7 years ago, while in the area where the last fire occurred 18 years ago there was almost no standing dead trees and there was the highest amount of lying dead wood. It is quite likely that in the 2008 fire area due to the small above-and belowground biomass the soil CO 2 efflux was lower even with the highest average soil temperature and CO 2 efflux was already stable in the 1997 fire area where the above-and belowground biomass was already recovered.
Conclusions
Overall, our results showed that forest fire has a substantial effect on the soil C content in the top soil layer, but not in the mineral soil layers. Soil respiration values in our study showed a chronological response to the time since the forest fire and the values were lowest in recently burned areas. The soil respiration values also followed a seasonal pattern being highest in August and lowest in May and November and there was a positive correlation between soil temperature and soil respiration values in our study areas. We also found that soil respiration follows logistic function: the recovery process happens within 10-20 years after fire and shows raising tendency.
